Heterogeneous ice nuclei are necessary, and the common epiphytic ice nucleation active (INA) bacteria Pseudomonas syringae van Hall and Erwinia herbicola (Lihnis) Dye are sufficient to incite frost injury to sensitive plants at -5C. The ice nucleation activity of the bacteria occurs at the same temperatures at which frost injury to sensitive plants occurs in nature. Bacterial ice nucleation on leaves can be detected at about -2°C, whereas the leaves themselves, ie. without INA bacteria, contain nuclei active only at much lower temperatures. The temperature at which injury to plants occurs is predictable on the basis of the ice nucleation activity of leaf discs, which in turn depends on the number and ice nucleation activity of their resident bacteria. Bacterial isolates which are able to incite injury to corn at -5°C are always active as ice nuclei at -5°C. INA bacteria incited frost injury to all of the species of sensitive plants tested.
Damage to 'frost-sensitive' plants under natural conditions usually occurs between -2 and -5°C (2, 11, 20) . At these temperatures, ice forms from supercooled water in such plants, propagates throughout the plants (inter-and intracellularly), and frost damage occurs. In the absence of sites capable of ice nucleation, the water in plant tissues can supercool; freezing will not occur until the temperature becomes low enough that the most active ice nucleus associated with the plant is able to catalyze crystallization of supercooled water.
Nevertheless, a lack of information on the process of supercooling of sensitive plants (3) has led to differences in opinion as to whether avoidance of frost damage through supercooling is important under natural conditions. Many investigators cite the fact that most sensitive plants do not supercool below -2 to -5°C as a reason that ice avoidance is a minor phenomenon, and occurs only when the temperature falls only slightly below freezing for a very brief period (2, 4, 11) . Levitt (11) has pointed out that supercooling has rarely been demonstrated as a mechanism by which sensitive plants avoid frost damage. Mayland and Cary (19) recognized supercooling as a frost protection mechanism. Supercooling may protect blossoms in orchards against spring frost injury (20) . Supercooling is probably a factor in avoidance of frost injury by citrus fruits (7, 23) . Lucas (15) recognized that lemon tissue does supercool to -4°C and that ice nucleation events on the surface of the tissue determined the extent of supercooling. He suggested 'atmospheric nuclei' as the source of the ice nuclei on ' the surface of lemon fruit. Marcellos and Single (18) recognized that wheat plants supercool readily and that external ice nucleation is necessary for frost formation at temperatures above -10°C. They also found that airborne particles or ice crystals were unlikely to account for ice nucleation in these plants.
Ice nucleation activity at about -2°C has been detected in suspensions of some bacteria, including Pseudomonas syringae van Hall (16) and Erwinia herbicola (Lohnis) Dye (13) . INA3 strains of these two bacterial species are widely distributed on leaves of numerous plant species (14) . Thus, certain epiphytic bacteria may serve as the ice nuclei that prevent supercooling of plants (12) .
Seedling corn plants with leaf surface populations of P. syringae were substantially damaged at -3.5 to -4°C, whereas plants lacking this bacterium were not extensively damaged above -8°C (1). The amount of injury at -4°C was directly proportional to the logarithm of the population of an INA E. herbicola strain present on corn leaves (13) . Thus, at least two common epiphytic bacteria-P. syringae and E. herbicola-are active as ice nuclei and increase the amount of frost damage to plants at temperatures near -4°C.
In this report, we will address the proposition that the effect of INA bacteria on the apparent frost sensitivity of plants is due to, or associated with, the ice nucleation property of these bacteria. Our case for the sufficiency of bacterial ice nuclei on plants to incite frost injury under natural conditions has appeared elsewhere (12) .
MATERIALS AND METHODS
Bacteriological. Most of the authentic cultures of bacteria used in this study were from the culture collection of Arthur Kelman (Department of Plant Pathology, University of Wisconsin-Madison). We have reported the authentication, ice nucleation activities, and ability to incite frost injury to corn by isolate No. 31 of P. syringae (1) and isolate No. 26 of E. herbicola (13) . Field isolates were selected as discrete colonies from dilution platings of leaf washings on nutrient agar containing 2.5% glycerol or on modified Crosse's medium (6) . P. syringae formed characteristic light blue, domed colonies on modified Crosse's medium; E. herbicola isolates active in ice nucleation formed mucoid bluish colonies with yellow patches after 4 d on this medium. All isolates tentatively identified as P. syringae had negative arginine dihydrolase and oxidase reactions, and produced a diffusable fluorescent pigment on Kings medium B (5, 9) . All putative E, herbicola isolates were yellow pigmented and grew in the presence of 5% NaCl or 0.1% triphenyl tetrazolium chloride (10 Ice nucleation activity spectra of bacterial suspensions were obtained by a droplet-freezing method similar to that of Vali (22) , as modified by Lindow et al. (12) . Absolute temperature determinations were estimated to be accurate to ±0.2°C. The cumulative number, N(T), of ice nuclei per unit volume of suspension active at or above a given temperature was calculated by the equation of Vali (22) : N(T) = -In(f)Vẁ herefequals the fraction of droplets unfrozen at temperature T, and V the volume of each droplet used. Since the most active ice nucleus in a drop (ie. the agent which catalyzes ice formation at the highest temperature) will determine the temperature at which a given water drop freezes, only the most active ice nucleus in each droplet is detectable. Thus, a series of dilutions was used to detect less active but more numerous ice nuclei in order to obtain the entire ice nucleus spectrum of bacterial suspensions. The ice nucleus concentration in each dilution was normalized to the concentration in the original suspension. Nucleation frequency (NF) is the fraction of cells active at a given temperature (i.e. the number of nuclei/cell) and is determined as the number of ice nuclei/ml divided by the cell density (cells/ml).
Ice Nucleation Activity Spectra of Leaf Material. The technique for measuring the ice nucleus spectra of bacterial suspensions was adapted for use with leaf discs. Leaf discs of about 3 mm diameter were cut from random parts of leaves using either a No. 0 cork borer or a paper punch. Individual discs were placed on the cooling surface with a dissecting needle and were either submerged in, or floated on, 30 I1 droplets of sterile water. The surface was cooled, and nucleation events in or on leaf discs were sensed by visually noting when the supporting droplet froze. The temperature at which each of 40 to 70 discs per plant sample catalyzed ice formation was recorded manually. The cumulative number of nuclei per gram of leaf tissue was determined by substituting the mass ofeach leaf disc (M) for the volume term ( V) in the equation noted above. This calculation was independent ofthe volume used since the water drops themselves did not contain ice nuclei active above -15°C. the calculation assumed that the leaf discs were of equal mass (about 1.5 mg each).
RESULTS AND DISCUSSION
Ice Nucleation Activity of Bacterial Suspensions. The ice nucleation activity of P. syringae and E. herbicola is illustrated in Figures 1 and 2 . In Figure 1 , the cumulative fraction of droplets frozen in each of a series of five 10-fold dilutions is plotted as a function of decreasing temperature. The ice nucleation spectra from these data are shown in Figure 2 . Ice nucleation was detected at -2.3°C in the P. syringae (isolate No. 31) suspension (Fig. IA) . As the temperature decreased from -2.3 to -4°C, the nucleation frequency increased from <10-7 to about 10-2. Little additional increase in nucleation frequency occurred between -4 and -9°C. Although the overall shape of the ice nucleation spectrum in Figure 2A is typical of those determined for P. syningae isolates grown on this medium, the nucleation frequencies of different Freezing spectra associated with distilled H20 or with a suspension of I x l07 cells/ml of the non-ice nucleation active bacterium E. herbicola isolate M232A. The cumulative fraction of 50 10 dl-droplets which froze is plotted as a function of decreasing temperature.
isolates at any given temperature can be very different.
Ice nucleation was first detected in the suspensions of E. herbicola isolate No. 26 at -2.6°C (Fig. 1B) a marked increase in nucleation activity with decreasing temperature. In the first (region I), between -2.6 and -4°C, the nucleation frequency increased from about 10-8 to about (Fig. 2B) .
Little increase in nucleation frequency occurred between -4.5 and -7.5°C. In the second (region II), from -7.5 to -9.5°C, the nucleation frequency increased from about 10-5 to >IO3. Below -10°C, no additional increase in ice nucleation by either bacterium was detected. Thus, we have restricted our study of bacterial ice nucleation to temperatures between 0 and -10°C. Within this temperature range, only a very small fraction of the cells in each Figures 2A and 2B ). In addition, ice nucleation in the E. herbicola suspensions was first detected at a slightly lower temperature than in the P. syringae suspension. Thus, on a percell basis, E. herbicola will be less effective than P. syringae in preventing supercooling at temperatures above -5°C. The cells active in the high temperature range (region I) are the ones likely to be involved in frost damage since frost injury to sensitive plants usually occurs at temperatures above -4 to -5°C. Both P. syringae and E. herbicola are sources of ice nuclei active at temperatures warm enough to be associated with frost injury. All of the 'nonice-nucleating' bacterial isolates for which the ice nucleation spectrum has been determined had spectra which were indistinguishable from that ofwater under our test conditions. This is illustrated by the nearly identical spectra of a very dense suspension of the inactive E. herbicola isolate M232A and of water shown in Figure  3 . Droplets of water or of the M232A suspensions did not begin to freeze until the temperature was below -15°C. Substantial ice nucleation activity was not detected until the temperature had dropped to -20°C. Nucleation at or below this temperature was due either to the presence of impurities in the water, or more likely, from ice nucleation events occurring on the cooling surface.
Ice Nucleation Activity of Plant Material. The ice nucleation activity of leaf tissue was measured by observations of the temperature at which water droplets in which discs of leaf tissue were suspended froze, and was quantitated by analysis of freezing temperatures of a collection of such discs. There is evidence (15, 18) , at least in frost-sensitive plants, that ice crystals will propagate from plant tissue into water in contact with the tissue. We have observed that corn leaf discs retrieved from droplets that had frozen invariably exhibited the water-soaked appearance characteristic of frost damage, while discs from droplets which did not freeze at temperatures of -10°C or lower remained normal in appearance.
Two major assumptions were made in derivation of the equation (22) used for calculation of a cumulative ice nucleus concentration: (a) that time dependence is only of secondary importance in the nucleation process and (b) that each nucleus has a specific nuclea- Figure 4 illustrates the ice nucleation activity spectra associated with corn leaf discs. Corn tissue grown under sterile conditions did not contain detectable nucleation activity above approximately -10°C and ice nucleation occurred over the narrow temperature range of about -10.5 to -12°C. Corn tissue grown in a growth chamber under conditions which avoided establishment of either P. syringae or E. herbicola, but were in no way axenic, apparently did not contain ice nuclei active above about -8°C, since frost injury to the plants occurred at about that temperature (1) . The ice nucleation threshold of corn tissue which had been sprayed with suspensions of approximately 108 cells/ml of P. syringae was about -2.5°C and of those sprayed with E. herbicola was approximately -3°C. At -5°C, corn leaf material with P. syringae and E. herbicola populations contained about 1,000 nuclei/g and 85 nuclei/g, respectively. Because these two bacterial strains usually achieve similar populations on the leaf surface, the higher ice nucleus concentration on P. syringae-sprayed leaves than on E. herbicola-sprayed leaves is consistent with the higher nucleation activity of P. syringae at -5OC.
The ice nucleation activity of some other frost-sensitive plants is illustrated in Figure 5 . Leaf discs from tomato plants which had been sprayed with suspensions of approximately 108 cells/ml of P.
syringae contained active nuclei in the temperature range of -2.5 to -4.0°C (detectable threshold, -2.5°C). Leaf discs of sterile tomato leaves had an ice nucleation threshold of -9°C. Leaf discs of P. syringae-sprayed marigold, pumpkin, cucumber, and barley also contained active nuclei, with typical thresholds of about -2.8°C. Leaf discs of pumpkin and barley free of INA bacteria did not contain nuclei active at temperatures above -8°C. A similar lack of ice nucleation activity above -8°C has been found in leaf discs from wheat, sunflower, bean, and eggplant. Discs of all these plants had ice nucleation thresholds above -3°C after application of INA bacteria.
Thus, we were unable to detect ice nucleation activity at temperatures warm enough to be associated with 'natural' frost in leaves of any of the plant species when bacterial ice nuclei were not present. Thus (Fig. 6) .
Thus, at comparable cell densities, extensive damage occurred about 1°C colder to plants treated with E. herbicola as compared with plants treated with P. syringae. This is consistent with the slightly lower ice nucleation activity of E. herbicola as compared to P. syringae between -2 and -5°C. By comparison, untreated corn seedlings grown in our growth chambers were not damaged above -7°C and damage was not complete until about -9°C (1). The total bacterial populations present on the leaves of these untreated plants were in the range of 103 to 104/g fresh weight and INA bacteria were rarely found on the leaves of these control plants. Thus, the amount of damage at any given temperature between -2 and -8°C is substantially influenced by the number of INA bacteria of either species present on the leaves at the time of freezing. The threshold temperature for frost damage is very close to the threshold for ice nucleation by the bacteria in suspensions (compare Figs. 2B and 6) .
Increased Frost Sensitivity of P. syringae and E. herbicola Sprayed Plants. The association between the presence of P. syringae or E. herbicola and frost injury to corn at -5°C has been established (1, 12, 13) . However, when suspensions of either P. syringae or E. herbicola ofapproximately 107 cells/mi were sprayed on other plants considered to be frost-sensitive 48 h before freezing at -4 to -5°C, an increase in frost damage to these plants, compared to plants without the bacteria, was observed. These different plants included tobacco, bean, lettuce, marigold, eggplant, sunflower, tomato, zinnia, pumpkin, and cucumber. In all cases, almost no damage to plants sprayed with buffer alone was observed after freezing at -5°C, whereas plants sprayed with P. syringae or E. herbicola were almost completely killed at this temperature. Since we have not yet found a normally frost-sensitive plant that is not so affected, the range of activity of these bacterial ice nuclei is clearly not restricted to a narrow group of plants, i.e. the ability of both P. syringae and E. herbicola to increase the damage to plants at temperatures between -2 and -5°C is probably quite general in nature. The control plants in our growth room experiments are 'unnatural' because they do not have an epiphytic population of INA bacteria. Thus, they are not injured at temperatures (-2 to -5°C) at which 'natural' plants in the field, with the normal population of epiphytic INA bacteria, would sustain freezing damage (14) .
INA Bacterial Isolates and Increased Frost Damage. If the hypothesis that the ice nucleation activity of bacteria is involved in the process of inciting frost damage to plants is correct, then only bacteria with ice nucleation activity should incite frost injury. Therefore, the ability of 264 strains of bacteria to incite frost injury to corn seedlings at -5°C was compared to their ice nucleation activity (Table I) (5) were found to be active in ice nucleation at -5°C. Although the numbers of isolates of these related pseudomonads were small, only isolates of P. syringae pv. coronafaciens, P. syringae pv. pisi, and P. syringae pv. lachrymans were active, whereas other P. syringae pathotypes were not, i.e. P. syringae pv. glycinea, P. syringae pv. tabaci, and P. syringae pv.
found to be active in ice nucleation at -5°C. Of Thus, a strong correlation exists between ice nucleation activity of bacteria and ability to incite frost damage; ice nucleation activity appears to be a necessary but not sufficient attribute enabling bacteria to incite frost injury. As noted above, frostsensitive plants are damaged upon formation of ice within the tissue; they must avoid ice formation to avoid frost damage. Substantial supercooling is not observed in these plants in nature; they are damaged by ice formation at -2 to -5°C. Plants can supercool below this point only if heterogeneous ice nuclei (INA bacteria) are not present.
The data presented above indicate that the following five points can be added to those arguments that implicate INA bacteria as incitants of frost injury to sensitive plants. First, the ice nucleation activity of the bacteria occurs at temperatures associated with frost injury in nature. Second, bacterial ice nucleation can be detected on plant leaves at about -2°C; leaves themselves do not appear to be active ice nuclei until much lower temperatures (-9 to -11°C) are reached. Third, the temperature at which frost injury to plants occurs is predictable on the basis of the ice nucleation activity of leaf discs. The ice nucleation activity of leaf discs is predictable on the basis of the number and ice nucleation activity of the bacteria they harbor. Fourth, the bacterial strains able to incite injury at -5°C are always active as ice nuclei at -5°C; nearly all bacteria that are active ice nuclei at -5°C incite injury at that temperature, at least to corn. Fifth, the ability of INA bacteria to incite frost injury to 'frost-sensitive' plants is quite general; INA bacteria incited frost injury to all of the species of sensitive plants included in our experiments. Thus, heterogeneous ice nuclei are necessary to produce frost injury above -5°C, and epiphytic INA bacteria are sufficient to fulfill this role.
These findings, taken together with the ubiquity of INA bacteria on plants in nature (14) and the fact that most, if not all, ice nuclei active at -2 to -5°C present on leaves are associated with INA bacteria (12) , are strong evidence that INA bacteria are incitants of natural frost injury to sensitive plants at -2 to -5°C.
